Abstract
Introduction
Friction is a complex nonlinear phenomenon that can be broadly described as a force that opposes the relative motion of two contacting surfaces. The simplest approximation is the Coulombic model where the force opposing motion is given by
where v is the relative velocity and F C is the Coulombic Force constant (which depends on the normal force and properties of the surfaces). Many other models have been proposed that improve upon the Coulombic model by accounting for friction's more subtle effects such as presliding displacement, viscous damping, the Stribeck phenomenon, and frictional memory. Other models, such as the Karnopp model [1] , favor mathematic simplicity over modeling precision. The model that one chooses to use and the strategy for mitigating frictional effects depend on the application and the control goals. From the haptic interface users' perspective, friction is undesirable primarily because it makes force rendering less transparent [2, 3] ; forces produced by the actuators are not correctly transmitted to the user. The effect is particularly obvious when the desired forces are small-such as in the rendering of "free space" (i.e., when the force opposing motion should be zero). The presence of friction can also add significantly to user fatigue.
Compensating friction with feedback control can help linearize the system. This simplifies additional control tasks such as model-based force control. From a control design perspective, friction is problematic because it is a "hard" nonlinearity-not easily canceled with feedback control because of the high gains required, which act to destabilize the feedback loop in the presence of computational delays.
The perception and control perspectives provide two metrics for the evaluation of friction compensation in haptic interfaces: transparency and linearity. This paper investigates common techniques for friction mitigation, applied specifically to haptic interfaces. Additionally, we describe a hybrid compensator that combines two of these techniques. Compensators based on these techniques are implemented on a one degree of freedom (DOF) haptic interface (HI). These compensators are evaluated and compared for their ability to linearize the compensated system and provide transparency.
The haptic interface
The one DOF HI shown in Figure 2 is a one-rod portion of our our five DOF haptic interface at the University of Colorado. Normally five of these rods are connected in parallel, but here we consider only a single rod. The rod, actuator, position encoder, force sensor, gimbal, and bushing are identified in the figure.
The schematic beneath the photo indicates the directionality of the measurements referred to in Figure 1 , a block diagram of the system. Figure 1 shows the system operating open-loop (without any friction compensation). Where the desired force, R D equals the actuator force, R A commanded to the actuators. This, minus an interaction force, R I , is the net force on the haptic interface mechanism admittance, Z
−1
M . The resulting motion, L also moves the user's hand, whose impedance is represented by the block Z H . The resultant force, R H is added to any voluntary forces R V that the user exerts on the mechanism. This sum is negated to produce the interaction force R I felt by the user. The transfer function, T o from R A to R I is given by
where
If T o is the identity then the desired forces will be transmitted accurately to the user's hand transparently. This occurs if and only if the mechanism impedance Z M is zero (Z T = Z H ). In real systems, Z M will never be zero since it includes both linear effects such as mass and non-linear effects such as friction.
Friction compensation
Although there are many friction compensation techniques (see [4] for a survey), they essentially fall into four categories: friction avoidance, dither, motion-based cancellation, and high gain feedback.
Friction avoidance
Friction avoidance includes strategies that reduce friction by mechanical means such as lubrication. This category will not be considered further in this paper.
Dithering
Dithering is a mitigation technique characterized by the addition of a high frequency, low amplitude signal on top of the desired reference signal. It is commonly used in pointing and tracking tasks [5] . Dithering helps in positioning tasks by smoothing the discontinuity in friction near zero velocity. It is not appropriate for haptic applications however; the constant vibration is fatiguing, distracting, and destroys the effects being rendered.
Motion-based cancellation
Motion-based cancellation (MBC) has also been called model-based compensation [4] to indicate that a model of of the friction non-linearity is required for the technique to work. Using these models, frictional forces are predicted based on measured motion, and added to the commanded force in order to cancel out the actual friction in the system. The predicted force may be calculated via simple velocitybased models such as the Coulomb model, or more complex models (Dahl [6] , LuGre [7] ) that also depend on position.
An implementation of an MBC control strategy for our one DOF HI is shown in Figure 3 .
Setting the MBC compensator C = Z M results in T MBC equaling the identity; i.e., perfect transparency. MBC has three major shortcomings. First, it requires that Z M is known accurately. Second, no change in force can occur without measuring a change in motion. This is problematic because friction forces can occur without any (or very little) motion (i.e. the Coulombic model, where R I − R A must exceed F C before there is any motion.) This makes it impossible to ever fully cancel a Coulombictype friction during velocity reversals. Advanced models more completely describe friction's true behavior, behavior which often includes a small pre-sliding displacement regime where F C is proportional to displacement. The maximum displacement achievable before sliding occurs depends on the materials involved [4] . It is often too small to be measured by typical position sensors (e.g. optical encoders), and so MBC cannot provide acceptable friction force mitigation.
The third major problem with MBC is delay, due to a finite loop rates in digitally sampled and controlled systems. Further, since Z M usually involves both inertia and friction, there is a delay associated with the calculation of dynamics in the block C. This delay is most obvious to a haptic user during velocity reversals, where it can cause limit cycles. In summary, MBC is well-suited for compensation of friction when motion velocity is away from zero.
Force feedback
The fourth category of friction compensation is force feedback, which most directly addresses the transparency goal of causing R I to track R D . We investigate force feedback for our 1 DOF haptic interface as shown in Figure 3 . When C ≡ 0, we obtain the transfer function T F F from R D to R I given by
where I is the identity and Γ = I + H Force feedback is straightforward to implement. It does not require accurate models of Z M or Z H (although stability robustness requires some knowledge of these dynamics). Nor does it require motion to be effective. Transparency is achieved when Γ
H . In all real systems, Γ is limited, and must also roll off with frequency because of stability concerns due to unmodeled (typically high-frequency) dynamics. A finite Γ leads to a T F F that is less than unity (provided that Γ is the same sign as
T F F will roll off with frequency since Γ rolls off as well. High gain force feedback is well-suited to mitigate static friction at low frequencies, where stability under a large gain Γ is relatively easy to achieve.
A hybrid controller
Since MBC tends to work well for high-velocity, high frequency motions, and force feedback works well for lowvelocity, low-frequency motion, it is natural to design a hybrid controller that combines these two modes of compensation. This differs from other hybrid friction compensation schemes, e.g. [8] where a MBC controller switches between low-velocity and high-velocity regimes. Rather than a hard switch from one compensation technique to another, our hybrid controller is designed so that the two techniques are operating simultaneously, and both motion and force compensation are used, with non-zero C and H in Figure 3 . The hybrid compensation transfer function
The next section discusses selection of parameters in the C and H compensation blocks.
Parameter estimation
Before implementing the hybrid controller on our HI, it is necessary to define the C and H blocks. Since an appropriate choice of C depends on the friction characteristic of the system, these characteristics must be determined first.
Our first estimation goal was to measure the Coulomb friction level, F C . A velocity regulation loop was wrapped around the open-loop system which commanded the rod to move up and down at constant velocity. The difference between the force required to maintain constant velocity in the two directions gives an estimate of F C . By adjusting the reference velocity, we were able to determine that F C ≈ 0.5N for all velocities from 10 to 1000 mm/s.
Although friction could be characterized in the low velocity region, the resulting models are complex, subject to variation in friction parameters due to system wear, etc., and often lead to feedback implementations that are unstable. Alternative schemes, such the Karnopp model, can sometimes provide a stable implmentation due to additional hysteretic energy loss, they do not provide suitable accuracy in force modeling, resulting in percetpible friction residuals.
We avoid this difficult trade-off by using force feedback in combination with a smoothed Coulombic friction function.
Because this function has finite slope at zero velocity, it is possible to implement this model stably in MBC. We chose to determine an appropriate a interactively. A MBC was implemented on the HI and users were able to adjust the value of a via a keyboard interface. Using this process, we were able to quickly find that an a value of 5 mm/s provided reasonable compensation for gross motions without compromising stability With a stable MBC in place, we selected the force feedback gain H in a similar manner. We assumed a general form of a low-pass filter. Given that F S differs from F C in a way that depends explicitly on velocity, it made sense to further weight H in a way that depends on velocity in an opposite sense, in order to "make up" for the compensation that MBC cannot provide near zero velocity. This non-linear weighting was implemented by scaling the gain of H with the function b/(b + |v|). The motivation behind this strategy was that the force feedback gain could be significantly increased for low velocity motion, and should be reduced in the region where MBC force modeling was adequate. b was chosen through the same interactive procedure described above Ultimately, H was chosen as a 20 Hz bandwidth low-pass filter with dc gains of 5 * 80/(80 + |v|) where v is velocity in mm/s.
The friction compensated system with a position loop.
Implementation Results
We have performed several tests in order to evaluate our hybrid compensator based on the two goals of transparency and linearity. Both human perception and automated characterization were employed. The former consisted of voluntary motion of the rod under different types of compensation. The latter tests were performed with the rod oriented vertically and a 50 g mass attached to the distal end instead of the user grasp. Four cases were considered 
Transparency
The first and most important measure of transparency is a user's subjective opinion about the quality of free space rendering. Free space rendering is achieved by setting R D to 0 and letting the user input arbitrary voluntary motions. An informal survey of four users indicated that all felt the hybrid system has less friction than any of the other three cases.
While subjective opinions are important, this measure of transparency is difficult to quantify. A more objective test of free space rendering takes the user's hand out of loop. But if R V = 0 and R D = 0 in Figure 3 then L and R I also = 0 and T H is not measurable. When the hand is absent, Z H zero. We use the 50 g distal mass to approximate the hand impedance. We provide a non-zero R D via an outer position loop, causing L to follow a reference sinusoid.
The block diagram for this test is shown in Figure 4 . For simplicity, the compensated system has been rewritten as an equivalent system with
The reference position, L D was a 0.5 Hz 10mm amplitude sine wave. The position controller K is given by The results are shown in Figure 5 for each of the four compensators listed above. The hybrid compensator (bottom) is able to significantly reduce the sign-like characteristic of friction that is visible in the uncompensated case (top) and with force-feedback (third from top). MBC (second from top) is also able to cancel out this sign-like behavior, but demonstrates significant hysteresis that the hybrid compensator does not.
Linearity
The most direct measure of linearity is amplitude independence of measured frequency responses. Figure 6 shows Z M as a function of the amplitude of the sinusoidal reference signal L D excited at 5 Hz. An amplitude-independent (linear) Z M would should up on this plot as horizontal lines in both magnitude and phase.
All four compensated systems exhibit amplitude dependence. Force feedback provides a general reduction of about 6 dB in mechanism impedance, but retains the same reduction in apparent impedance with increase in motion amplitude. The MBC and Hybrid compensation exhibit a smaller end-to-end change, but exhibit a dip in impedance when L D has an amplitude of approximately 2 mm.
The phase of Z M is closer to what one would expect. The MBC and hybrid controller result in nearly constant phase at 180 degrees for amplitudes larger than 1 mm. This phase is what would be expected for a mechanism mass with no friction or damping. In contrast, the uncompensated and force feedback compensation cases lose approximately 90 degrees of phase as amplitude degrees from 10 mm to 1 mm, indicating the presence of signifi- cant amplitude-dependent non-linearity.
Recall that the compensation parameters were chosen based on user interaction, and were not desiged based on amplitude independence. Other parameters that produce less amplitude dependence are currently under investigation. Figure 6 provides information about linear dependence at a single frequency (5 Hz). A complete understanding of the effects of compensation on linearity would require a measure of amplitude dependence over a range of frequencies. Measuring Z M over multiple frequencies and amplitudes is a time consuming process. A faster (though less reliable) test of linearity is to measure how well a compensated system is fit over frequency by an appropriate linear model.
Z M is plotted against frequency in Figure 7 . At high frequencies all four compensators look like mass-increasing 40 dB/decade with 180 degrees of phase. This is expected since mass effects should swamp out friction at high enough frequencies, where most of the applied force is used to accelerate the mass.
Below 20 Hz there are significant differences between the compensations cases. The force feedback and uncompensated cases each show very smooth behavior which increases at approximately 16 dB/decade and rises from 90 degree of phase to 180 degrees. By contrast, MBC and hybrid compensation cause the mechanism impedance to look like mass down to approximately 4 Hz. Below 4 Hz the behavior is more erratic and is not clearly characterizable without more data.
It is interesting to note that these curves can be fit by linear or non-linear models. The 16 dB/decade slope for the uncompensated case can be obtained by a model of friction and particular amplitude profile chosen for L D . Using describing function analysis [9] , one can show that the 
where A is the amplitude of the sinusoidal motion and j = √ −1 In our case, the amplitude of the reference sinusoid decreased with frequency to avoid saturating R A ; we chose
. This corresponds to a 16 dB/decade slope exactly.
However, using this same describing function analysis one can show that if L D (f ) rolls of as 1/f then a system with Coulombic friction is indistinguishable from a linear system with damping. This should serve as a caution that linear looking frequency response data can come from a nonlinear system. In order to conclusively show the extent to which MBC and hybrid compensation actually linearize Z M in the 4 -20 Hz range, further amplitude-dependent testing is necessary.
Summary and future work
We have designed a hybrid compensator that includes both model-based cancellation and force feedback for use on a one degree of freedom haptic interface. Users have noted that this combination provides substantial reduction in the frictional feel of the interface over that which is possible through model-based cancellation or force feedback alone. This subjective measure of feel is consistent with more a more objective measure of free-space force transparency.
Preliminary results suggest that this hybrid compensator also helps to improve the linearity of compensated haptic interface. Additional testing is required to quantify the extent to which this is true.
Future work on the hybrid controller is expected on several fronts. Additional analysis and simulation will be performed to evaluate the trade-offs associated with including non-linear gain in the force feedback controller H. This control strategy will be applied to the four other rods of the full parallel five degree of freedom haptic interface at the University of Colorado. Hybrid compensation on this combined haptic interface will be integrated with a modelinverse control strategy [10] in an attempt to further improve the multi-input multi-output force transparency.
